The aim of this study was: (i) long-term (2010, 2011 and 2013) evaluation of the relative air humidity in the winter wheat canopy, (ii) finding of relationships between relative air humidity in canopy and computed or measured meteorological values (precipitation totals, evapotranspiration, moisture balance, specific air humidity, volume soil moisture, % of available soil water content, value of soil water potential), (iii) testing of simulation of daily relative air humidity, based on selected meteorological values and potential evapotranspiration (FAO Penman-Monteith method) and actual evapotranspiration, (iv) testing of simulation of relative air humidity hourly values in the wheat canopy, (v) evaluation of dependence between relative air humidity and leaf wetness. The measurement was performed at the experimental field station of Mendel University inŽabčice (South Moravia, the Czech Republic). Data recording for wheat canopy was conducted by means of a meteostation equipped with digital air humidity and air temperature sensors positioned in the ground, effective height of the stand and in 2 m above the ground. The main vegetation period of wheat was divided into three stages to evaluate differences in various growing phases of wheat. The data from nearby standard climatological stations and from agrometeorological station inŽabčice were used for establishment of relationships between relative air humidity in winter wheat canopy and surrounding environment by correlation and regression analysis. Relative air humidity above 90% occurred substantially longer on the ground and at the effective height of the stand in comparison with the height of 2 m. By means of regression analysis we determined that the limit of 90% was reached in the canopy when at the climatological station it was just 60 to 90% for ground level and 70 to 90% for effective height, especially during the night. Slight dependence between measured or computed meteorological variables and relative air humidity in winter wheat canopy was found (r = 0.23 − 0.56 for precipitation totals, r = 0.27 − 0.57 for % of available soil water capacity, etc.). The simulation of hourly values of relative air humidity in wheat canopy is partially possible just when using the data of relative air humidity from the relevant standard climatological station.
Introduction
The majority of crop models, pest or disease prediction models, agrometeorological models, drought monitoring systems etc., generally use data from standard climatological stations with monitoring at a certain height above the grassland. With regard to abiotic and biotic factors influencing stand microclimate, this method is necessarily burdened by inaccuracies. The relationships between the conditions at standard climatological stations and stand microclimate strongly depend on the nature, structure and growth phase of vegetation as well as altitudinal location of measuring sensors. The microclimate of vegetation is characterized by the appearance of diffuse solar radiation, minor fluctuations in air temperature and humidity, reduced airflow (wind, convection and turbulence), higher humidity and lower long-wave radiation during the night (Krédl et al., 2012) . Canopy with high leaf area index (LAI) can reduce over 95% of solar radiation and this should keep the air and soil beneath the canopy cool during the day (Bonan, 2008; Klimešová et al., 2013) . Despite many sophisticated works aimed at simulation of physiological processes in stands, a full understanding of the relationship between vegetation and microclimate is currently lacking. It is a crucial factor for the development of microclimate model across heterogeneous landscapes (Hardwick et al., 2015) . Outputs of precise measurements of microclimate humidity can be used as input data for mathematical modelling of evapotranspiration, processes of yield-making and biomass production in relation to physiological indications of water stress and subsequently utilized to optimize irrigation systems, as a basis for predicting the occurrence of pathogens and animal pests .
The air humidity level is not the only factor that impacts the pathogens' ability to infect various organs of plants and the consequent development of the disease. The duration of the humidity is also of key importance . Rožnovský et al. (2002) found that values of water vapour pressure and relative air humidity increase in comparison with the active layer of the canopy that is at the level of effective height and above. At the effective height of the stand (i.e. 0.68 × actual height with extreme values of 0.53 to 0.86; Mölder et al., 1999) solar radiation is transformed into other kinds of energy (Hurtalová et al., 2003; Matejka and Huzulák, 1987) , which has a significant impact on the temperature and humidity regime. Liu and Kang (2006) measured the vertical distribution of vapour pressure from 1 m to 8 m above the ground surface in a winter wheat field. The values of the vapour pressure decreased with increasing height. Han and Li (2010) stated that air humidity was highest and saturation deficit was lowest in the middle of wheat canopy, while the maximum humidity appeared at heading and flowering stage . In densely sown crops of wheat, Yang et al. (2008) found higher air humidity.
The article is aimed at clarifying the vertical stratification of air humidity in winter wheat canopy and their comparison with the data from nearest standard (reference) climatological station. The possibilities of relative air humidity simulation were tested. Consequently, the results can be used to make the prediction methods for occurrence of harmful agents more precise and thus to elaborate more accurate physiological and growth models of plants.
Material and methods
The microclimatic data was obtained in 2010, 2011 and 2013 at the field experimental station inŽabčice municipality (South Moravia, Czech Republic, Central Europe, GPS location: 49 • 1' 18.658" N, 16 • 36' 56.003" E) in the canopy of winter wheat (Triticum aestivum L., Sultan variety). The year 2012 was not taken into account, because of massive damage to the crop by drought. For evaluation, data of relative air humidity from the agrometeorological station (measurement of relative air humidity in 2 m height above soil surface, short-cut grass cover, sensors placed in a standard meteorological screen) located approximately 60 metres from the canopies, were used. Meteorological data (wind speed; long-term and daily average, minimum and maximum air temperature; daily and long-term precipitation totals; relative air humidity at 2 m above ground) were gained from the Czech Hydrometeorological Institute (CHMI) standard climatological station of Pohořelice, situated approximately 8 km away from the experimental plot. Further comparison (regression analysis between relative air humidity in canopy and above grass stand) also used data from standard climatological station of the CHMI in Tuřany, which is located approximately 15 km away from the experimental plot.
The experimental areaŽabčice is situated in the Svratka river flood plain at the average altitude of 184 MASL. According to the agroclimatic classification (Kurpelová et al., 1975) , the locality belongs to the warm macro area, predominantly warm area, predominantly dry sub area region with rather mild winters. The standard annual temperature during 1961-1990 was 9.2 • C, the annual precipitation standard was 483 mm.
The fifteen-minute step of data recording was carried out by the means of a meteostation equipped with relative air humidity (RH) sensors (sensor Honeywell HIH 4000) and air temperature (AT) sensors (Dallas semiconductor, DS18B20 type) placed in a solar radiation shield, rain gauge for precipitation measurement, LI-COR radiation sensors for total solar radiation measurement (measurement of sun shine duration) and anemometer W1 (Tlust'ák, Praha) for wind speed measurement. The air humidity sensors were positioned at three levels (near the ground namely at a height of about 0.05 m -relative air humidity in the ground height -RHGH, at the effective height -RHEH and at 2 metres above the ground -RH2mH) in order to cover the whole vertical profile. Sensors positioned at the effective height were moved up as the crop was growing, to a height corresponding to approximately 70-85% of the actual canopy height. RH was converted on specific air humidity (SH) by the standard conversion equation.
The VIRRIB sensors (Amet, Velké Bílovice) were used for measuring the volumetric soil moisture under wheat canopy. The sensors measured hourly soil moisture at depths of 0.20 and 0.40 m (horizontally placed sensors). Available soil water content (ASWC) was assessed as an average value based on monitored volume soil moisture in depths of 0.20−0.40 mm and physical properties of soil (wilting point value and value of field water capacity).
With regard to the technical and time requirements of the exact establishment of leaf area index -LAI (the practice requires a simple and fast method of canopy evaluation), canopy growth and its stages were measured according to the BBCH scale (Meier, 1997) . The vegetation period of wheat was therefore divided by the nature of the vegetation and the related effects on the microclimate into several periods: I. period BBCH 23-32 (7. 4. -6. 5. 2010; 7. 4. -8. 5. 2011; 1. 4. -4. 5. 2013 ), II. period BBCH 33-69 (7. 5. -6. 6. 2010 9. 5. -1. 6. 2011; 5. 5. -25. 6. 2013) and III. period BBCH 70-92 (7. 6. -11. 7. 2010; 2. 6. -30. 6. 2011; 26. 6. -23. 7. 2013 ).
For statistical processing, the data was adjusted into hourly and daily unit intervals by arithmetical average and for the purpose of this paper, the data was evaluated by the correlation and linear regression analysis. The regression equation of relations between the air humidity in the canopy in ranked altitudes was obtained as well as analysis of relative air humidity at 2 m above the ground at the climatological station.
Furthermore, values from above the ground vertical profiles were evaluated by the method of triangulation with linear interpolation and graphically displayed in the form of humidity isolines (isohumids) by Surfer ver. 8.03 (Golden Software, Inc.) software. For the purposes of evaluation of differences in relative air humidity during the light and dark parts of the day, the experiment uses data on the time of sunrise (beginning of the light part of the day) and sunset (beginning of the dark part of the day) with an accuracy of 15 min.
Relative evapotranspiration express functional dependencies among all energy and water balance equation components of the locality -net radiation, air temperature and humidity, turbulent state of atmosphere, difference of saturation water vapour pressure at the temperature of evaporating surface and water vapour pressure in the air, precipitation, change of critical soil moisture during the year, and heat flux in the soil (Škvarenina et al., 2009) . Reference evapotranspiration of the hypothetical surface in daily steps was computed according to FAO methodology (Allen et al., 1998 
where: 
Experiments confirmed that under optimum conditions of plant growth, the actual evapotranspiration (AE) is proximate to the potential evapotranspiration, namely to the maximum possible evapotranspiration under the given climatic conditions from sufficient soil moisture -E 0 (Budyko and Zubenok, 1961) . The actual evapotranspiration (AE) is supposed to be proportional to the potential evapotranspiration as follows (2):
where:
W -soil moisture stored in the upper soil layer, W 0 -critical value of the soil moisture above which AE equals ET 0 .
Moisture balance (MB) was computed as the sum of differences of daily precipitation totals and daily potential evapotranspiration.
Results and discussion
There are relatively few data on the stratification of humidity in field crops. In our earlier observations we discovered that wheat and oilseed rape had higher relative air humidity of 30% on the ground, and up to 10-25% at the effective height (Krédl et al., 2012 ) which corresponds to the findings of Hardwick et al. (2015) who state that the air beneath canopies with high leaf area index is cooler and has higher relative humidity during the day. However, it is necessary to realize that the moisture of the vegetation depends not only on the type of the crop (Sentelhas et al., 2005) but also on the architecture of the stand (Callonec et al., 2013; Tivoli et al., 2013) , the growth phase of the plant and soil water availability for plant transpiration and evaporation. By division of the growing season according to the growth stages of plants, the research defined detailed information on the relative humidity in the growth of winter wheat. The moisture conditions of the year were expressed as daily values of moisture balance (MB) and daily values of available soil water content (ASWC; average derived from hourly data) in Fig. 1 . Significant difference of moisture condition in 2013 (wet year) mainly compared with 2011 (dry year) is obvious. Meteorological conditions of the year or more precisely vegetation season and their comparison with climatic normal values are given in Table 1 . Limited stratification of relative air humidity in canopy during the I. and II. periods in 2010 (Fig. 2) was caused by higher precipitation. On the 3.1. Stratification and development of air humidity in the canopy of winter wheat The average air humidity in the canopy of winter wheat considering the year, growth phase, time of day and the height above the ground (height measured in centimetres -see axis Y), expressed as "average day" from fifteen minute average values from the whole period, as shown in Fig. 2 . Most significant differences were seen during the light part of the day, around 3 pm CET (Central Europe Time) -time axis in fifteen minute steps -see axis X. Relatively small differences were identified at this time in the first growth phase in all years. In the second phase, the differences in humidity measured at 2 m and on the ground of the stand were from 20 to 40% in the third phase then, 20 to 35%.
The data presented in Fig. 2 show, that the largest difference of the average relative air humidity in the effective height of the stand (relative humidity at 2 m minus the relative humidity at the effective height) are achieved just before sunrise and after sunset. At ground level, the biggest differences were seen in the light part of the day. Positive differences of relative air humidity (i.e. higher relative air humidity at 2 m than at the ground or effective height) were recorded especially during the dark part of the day.
Wetting of leaves is another fairly important point for the development of many pathogens. Wetting of leaves in the vegetation is usually investigated by various sensors or modelled from relevant data of microclimate monitoring (e.g. Bregaglio et al., 2011; Dalla Marta et al., 2007; Magarey et al., 2006) . Models based on meteorological factors such as the relative humidity, temperature, and wind speed can simulate observed dew to a satisfactory extent. This method requires less labour, but no internationally accepted standard model exists for dew observation since the conditions that allow the condensation of vapour are complex (Xu et al., 2015) . With the help of high precision weighing lysimeters or using the Penman-Monteith equation some studies on dewfall have been carried out Xiao et al. (2009) . The marginal value of air humidity which is essential for wetting of leaves in the crop is reported as around 90% (Sentelhas et al., 2008) , that is why this value was used for the purposes of this research. Air humidity heterogeneity in individual years, stages of vegetation, height of measurement and the time of day, expressed as percentage of hours in which the relative air humidity exceeded 90%, are shown in Table 2 . In addition, this characteristic observed dependence on the year and vegetation period. Relatively small differences were observed in the period from the beginning of spring vegetation to the beginning of heading. 
The capabilities of simulation of relative air humidity in the wheat canopy -application of indirect (computational) methods
Dependence of daily values of relative air humidity (computed as the arithmetical average of fifteen minute values) on the assessed variables (daily precipitation, daily potential evapotranspiration, daily value of moisture balance, daily average value of available soil water content, daily value of actual evapotranspiration) was tested with correlation analysis (Table 3) .
Simulation of relative humidity for the entire period of the main wheat vegetation (BBCH 23-92) is problematic. A statistically significant relationship (p < 0.05) in all years was found only for daily RHEH and daily precipitation totals (r = 0.27 to 0.55) and for daily RH2mH and daily precipitation totals (r = 0.36 to 0.56).
Daily potential evapotranspiration, calculated on the basis of meteorological values from standard climatological station data, has statistically correlated with specific air humidity in wheat canopy (SHGH r = 0.70 to 0.88; SHEH r = 0.67 to 0.86; SH2mH r = 0.63 to 0.84).
In 2013 soil water potential and leaf wetness were also measured. Statistically significant relationships (p < 0.05) between relative air humidity and soil water potential r = 0.22 (RHGH and SWP), r = 0.46 (RHEH and SWP), r = 0.39 (RH2mH and SWP) and the relative air humidity and leaf wetness r = 0.20 (RHGH and LW), r = 0.714 (RHEH and LW), r = 0.63 Table 3 . Relationships (expressed as correlation coefficients "r") linear correlation between average daily relative air humidity measured in the wheat canopy and chosen daily agrometeorological variables. (RH2mH and LW) were found out. Similar results were obtained when we excluded the III. period from the evaluation (i.e. during ripening with significantly specific microclimatic conditions). Weak, but still statistically significant correlations (p < 0.05) were found in all three years just between RHEH and daily precipitation totals (r = 0.33 to 0.57) and between daily RH2mH and daily precipitation totals (r = 0.42 to 0.54). In addition to that, a significant correlation was identified between potential evapotranspiration and specific air humidity in wheat canopy (SHGH r = 0.68 to 0.87; SHEH r = 0.68 to 0.86; SH2mH r = 0.62 to 0.83) when the strongest relationship was found in 2010. SHGH, SHEH, SH2mH statistically significantly correlated with soil moisture and SWHC in 0.20-0.40 m depth. However, in 2010 this relationship was positive (r = 0.32 to 0.36) while in 2011 and 2013 it was a negative (r = −0.36 to −0.85) with the strongest correlation in 2011. The significant relationships were found between daily actual evapotranspiration and SHGH, SHEH and SH2mH (r = 0.42 to 0.73), nevertheless only in two years (2010 and 2013) . In 2013, when soil water potential and leaf wetness were also evaluated, a strong correlation between RHEH, RH2mH and leaf wetness (0.72 and 0.60) was identified.
The capabilities of simulation of relative air humidity in
the wheat canopy -application of simple linear regression method Relationships between the measured values of relative air humidity in the winter wheat canopy (hourly values) and at 2 m above the ground on standard climatological stations were expressed by simple linear regression equations (separately for individual sites, individual year, individual stages and individual measuring height). The relationship between values measured in the wheat stand and at the climatological station was evaluated by linear regression. The tightness of the relationship was described by regression coefficient (R 2 ) on the example of night values -see Table 4 .
Using the regression equations, presumable values of humidity in different heights of the canopy for specified reference values were calculated. It is evident from the results that the calculated values were dependent not only on the year, but mainly on the time of day. The critical value of 90% air humidity was achieved on the ground vegetation during the bright part of During the night hours, there was generally no exceeding of limit values in the corresponding model levels of air humidity during the I. period. Conversely, in the II. period, the critical value of the ground stand for values of 60-70% of humidity was usually reached at the stations, at the effective height of 70-80%, in the III. period, then 60-80% at the ground level and 70-80% at the effective height. The coefficients of determination were in many cases low.
By the means of comparison of the results of microclimatic monitoring with the results from standard climatological stations, significant deviations were found. These are significant to such extent that using data from a standard station for forecasting pathogens or pests, or growth models, have a significant impact on their explanatory power. The data taken in the vegetation show much higher air humidity than under standard conditions at 2 m above the ground of grassland. It is therefore not possible to deduce air humidity inside the stands based on data from a standard station with sufficient accuracy by linear regression for air humidity.
The capabilities of simulation of relative air humidity in the wheat canopy -application of advanced regression methods
Outlying values were deleted from the set of three year hourly data of relative air humidity at effective height (RHEH). The Grubbs' test for identication of outlying values was used. The relationship between RHEH and RH at the CHMI Tuřany climatological station (Fig. 3) is best expressed as Eq. (3):
where RH -relative humidity [%] . Fig. 3 . The relationship between RHEH in winter wheat canopy and RH at the CHMI Tuřany climatological station -relative air humidity measured at 2 m height above surface (short-cut grass cover), sensors placed in a standard meteorological screen (0.95 confidence band; n = 673; r = 0.898; standard error SE = 7.433).
The equation was verified by using relative air humidity data from CHMI standard climatological station Pohořelice (Fig. 4) . The congruence is not strong enough when standard error SE = 8.786. The simulation of RHEH in winter wheat canopy based on RH from the standard climatological station is thus doubtful. Significantly better congruence was not reached even when hourly data of RHEH were simulated with combined regression (modelling of RHEF based on standard climatological station data, namely RH, air temperature at 2 m, ground temperature, soil temperature, soil moisture, global radiation). However, the best congruence of simulated and measured data (n = 7105, standard error SE = 7.789) was reached with the Eq. 
where RH -relative humidity [%], PH -wheat plant height [cm] . Guo et al. (2012) achieved similar results (correlation coefficient r = 0.8975, the mean value of relative error 9.45%) with the dynamic forecast model of air humidity in a greenhouse, which was established according to dynamic balance relations of water steam quality in a sunlight greenhouse and physical process related humidity changes such as crops transpiration and soil evaporation. The study of He and Ma (2010) was aimed to apply the neural network to accurately model the inside humidity of a greenhouse. The environmental factors influencing the inside humidity were extracted. The predicted humidity agreed well with the measured. It was observed that the neural network model performed better than the stepwise regression model.
Conclusions
Wheat canopy significantly influences the microclimate of the surrounding environment. Air humidity in the vertical profile of the canopy differed significantly depending on year, developmental phase (i.e. phenology) and time of the day. The air humidity at the ground level and effective height of wheat was usually higher in the canopy. Significant vertical stratification of air humidity was recorded in the period from flowering to ripening. The prediction of air humidity in wheat canopy cannot be based on data measured in standard climatological stations as it was not proven that there is a statistically strong dependence.
The results show that wetting in the ground cover and its active height takes much longer in comparison with the height of 2 m above the ground surface directly above the crop. It is also understood that, for the purposes of precise prediction of the occurrence of pathogens or pests, it is preferable to monitor air humidity directly within the stand. It was found that when the reference values of humidity reached 60-70% at the climatological stations, the calculated values in the stand were close to 90%. In the further paper it will be necessary to confront the gained data with relative air humidity and moistening.
